Cálculos B3LYP usando bases até 6-311G(3d2f,3p2d) foram utilizados para a previsão acurada de propriedades termoquímicas relacionadas à reação de dissociação trans-HONO(X 1 A') HO(X 2 P) + NO(X 2 P). Um estudo sistemático da influência da base foi realizado e resultados B3LYP foram comparados a dados experimentais e a outros resultados teóricos, calculados usando os métodos G2, G2MP2, CBS e métodos ab initio CCSD(T) e QCISD. Os resultados obtidos sugerem que para este tipo de processo unimolecular: cálculos B3LYP geram resultados mais acurados para entalpia de dissociação que outros métodos convencionais e o melhor acordo com dados experimentais foi obtido a partir de cálculos em nível B3LYP/6-311G(3d2f,3p2d): 49.2 kcal mol -1 (experimental) e 49.0 kcal mol -1 (calculado). Ainda, diferenças de entropia e de energia livre de Gibbs foram calculadas e constantes de equilíbrio foram determinadas segundo a expressão: Keq(T) = 1.16 × 10 28 × exp(-48.34/RT), para a faixa de temperatura 200 -500 K.
Introduction
The theoretical thermochemical calculation of homolytic bond dissociation reactions is an important application of quantum chemistry methods. These determinations are relevant to the understanding of the outcome of radical reactions and to analyze the mechanism of chemical reactions in general. Due to the rapid progress in computational methods, highly sophisticated calculations can be performed, with minor errors in comparison to experimental data. Several methods have been widely used for bond dissociation energies (BDE) and thermochemical data calculations. Gaussian family of methods (G1, G2, G2MP2, G3) and the complete basis set extrapolation (CBS) approach have been used to predict reaction enthalpies and thermochemical properties (enthalpies of formation, for instance). [1] [2] [3] [4] [5] Generalized valence bond theory, in the perfect pairing approximation, in connection with a local spin density correlation functional (GVB-PP/LSDC) was also recommended for the accurate calculation of BDE and correct description of the potential hypersurface along the dissociation coordinate. 6 Other levels of theory like coupled-cluster techniques have also been used since they include certain excitations to infinite order and are generally more accurate than finite order perturbation methods, such as MP4. 7 All the methods cited above are computationally very expensive. An alternative to these high cost calculations is the use of density functional (DFT) methods. Jursic et al. have demonstrated that density functional methods are as accurate as quadratic complete basis set ab initio methods in calculating BDE and a comparison among CBS, Gaussian and DFT methods showed the power of DFT methods to compute reliable BDE and enthalpies of formation. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Moreover, Ventura and coworkers have successfully determined thermochemical properties of species, for which bonding patterns are difficult to describe with traditional ab initio techniques, using DFT methods. [19] [20] [21] [22] [23] For example, DFT was shown to rival or surpass CCSD(T) calculations in the study of fluorine oxides and sulfines. 24 In our laboratory, we have also demonstrated that DFT techniques can be used in the calculations of barrier heights of reactions with a first order saddle point leading to results as accurate as those obtained with conventional ab initio methods. [25] [26] [27] In this work we have applied DFT methods for the evaluation of the thermochemical properties of the bond dissociation reaction trans-HONO(X 1 A') HO(X 2 P) + NO(X 2 P). This reaction is of great interest in atmospheric chemistry, since HONO is one of the main sources of OH radical at troposphere. The experimental enthalpy of this reaction is 49.2 kcal mol -1 at 298.15K, based on NIST standard tables, available on-line. 28 Photochemical data for this reaction can also be found in the literature: the threshold wavelength for HONO + hυ OH + NO dissociation is 591 nm. 29 A theoretical evaluation of this reaction has been reported by Nguyen et al.: B3LYP/6-311++G(3df,2p)//B3LYP/6-31G** and CCSD(T)/6-311++G(3df,2p)//CCSD(T)/6-31G** levels have been used to calculate the energy difference, including the zero point energy, for OH + NO trans-HONO, and obtained -45.9 and -45.7 kcal mol -1 , respectively. 30 These values are, respectively, 3.3 and 3.5 kcal mol -1 lower than the experimental energy. Although it may be considered an acceptable error (7%), for this kind of system, it leads to very large errors on the calculated values of related properties, as rate coefficients and equilibrium constants.
Jursic has recently reported a DFT study of the HONO potential energy surface, in which enthalpies of formation were calculated and used to estimate energy differences (including barrier energies and BDE). 31 The best result reported for trans-HONO HO + NO is 47.4 kcal mol -1 , computed at B3LYP/6-311G(3df,3pd), at 0 K. No thermal corrections were included to account for the energy difference from 0 to room temperature, which makes the interpretation of this BDE value difficult. Considering the thermal correction of an ideal gas, the value 47.4 kcal mol -1 , added to RT, results in 48.0 kcal mol -1 , which is 1.2 kcal mol -1 lower than the reported experimental value at 298.15 K.
The main goal of this work is to explore a particular DFT method for the determination of thermochemical properties of this reaction, at 298.15 K. The hybrid functional B3LYP has been chosen. A systematic study of the basis set has also been performed here, and results are discussed on the basis of the agreement with experimental enthalpy data. Other thermochemical properties, like entropy, Gibbs free energy and equilibrium constants have also been evaluated as a function of temperature.
Computational Details
As stated above, B3LYP hybrid functional has been used in conjunction with a series of basis set, which ranges from the smaller 6-31G(d,p) to 6-311G(3d2f,3p2d). The inclusion of diffuse functions has also been considered. In addition, correlation consistent basis sets of Dunning have also been employed. For comparison, selected standard Gaussian family and ab initio CBS calculations are reported here, as well as standard ab initio methods, CCSD(T) and QCISD.
Geometries of the reactant, trans-HONO, and the products, HO(X 2 P) and NO(X 2 P), have been optimized and vibrational frequencies obtained at the same levels. Enthalpies have been calculated as the energy differences of products and reactant, corrected by zero point energy and a thermal correction term, which was evaluated here by integration of theoretical Cp function over the range from 0 K to the temperature of interest, expression (1):
Entropy has been evaluated by standard statistical thermodynamic methods. 32 Finally, Gibbs free energy of the reaction has been evaluated by using expression (2): (2) and equilibrium constants were calculated as a function of temperature in the range 200 -500 K. All thermochemical properties have been evaluated with a computational code developed in our laboratory.
Results and Discussion
As mentioned above, optimized geometries and vibrational frequencies were calculated at B3LYP level, including basis sets, which range from 6-31G(d,p) to 6-311G(3d2f,3p2d). These values are shown in Tables 1a  and 1b and electronic energies were used as input parameters for the thermochemical properties evaluations. Computed electronic energy differences, energy differences at 0 K (sum of electronic and vibrational energies) and thermal correction terms (to 298.15 K) are shown in Table 2 .
Computed thermochemical properties at 298.15 K are shown in Table 3 .
Geometry and frequencies
Optimized geometrical parameters are introduced in Table 1a . Vibrational frequencies are introduced in Table  1b . The vibrational modes of trans-nitrous acid are defined as υ 1 -OH stretching, υ 2 -N=O stretching; υ 3 -HON bending; υ 4 -O-N stretching; υ 5 -ONO bending and υ 6 -torsion. These structural parameters show good agreement with experimental data. [33] [34] [35] The analysis of geometry data, in Table 1a, shows that: distances and angles values determined using double zeta basis correlates with the number polarization functions, while those determined with triple zeta basis, are less influenced by the inclusion of polarization functions; the errors of calculated values in relation to experimental values do not change when the double zeta basis set is changed to a triple zeta; the inclusion of diffuse function increases the error of the calculated values in relation to experimental data; CCSD(T) results are comparable to B3LYP results, and both show low error value as compared to experimental data; the internal coordinate with the largest mean error is the OH distance: 2% in relation to the experimental value; all other internal coordinates show mean error values lower than 1%.
Similar analysis can be done for vibrational frequencies: the data in Table 1b shows that the values obtained using the triple zeta basis sets show smaller dependence on the inclusion of polarization functions than those obtained using the double zeta basis; the error of the calculated frequencies in relation to the experimental lower when the quality of the basis sets is improved to triple zeta; the inclusion of diffuse functions lowers the error of the 2005 calculated frequencies in relation to experimental data; CCSD(T) results are comparable to the values obtained at B3LYP level; frequency related to the torsion mode is the one with the largest mean error value: 9%; all other frequencies show mean error values lower than 5%.
The bond distances and frequencies calculated for the OH and NO radicals are also in good agreement with experimental data, being the mean errors: 0.6% for O -H distances, 0.4% for N -O distances, 0.9% for the O -H stretching mode frequencies, 4.2% for N -O stretching mode frequencies.
B3LYP enthalpies
Electronic energy differences, energy differences at 0 K (sum of electronic and vibrational energies) and thermal correction terms (to 298.15 K) are shown in Table 2 . Thermochemical properties at 298.15 K are shown in Table  3 . B3LYP calculated enthalpies at 298.15 K are in excellent agreement with the experimental value and show a maximum deviation of less than 10% when the 6-311+G(d,p) basis set is used (see tables 2 and 3).
As shown in Figure 1 , the size of the basis set clearly affects the differences between calculated and experimental values. The increase in the polarization space causes the enthalpy to increase up to 2 kcal mol -1 , when going from (d,p) to (3d2f,3p2d) polarization sets. The change from the double to the triple zeta basis sets causes the enthalpy to decrease. The use of the double zeta basis, however, gives results systematically higher than the experimental enthalpy. When the triple zeta is used, calculated results smoothly converge to the experimental value, 49.2 kcal mol -1 , 28 and reach 49.0 kcal mol -1 when the largest 6-311G(3d2f,3p2d) basis set is used.
The decrease in the calculated enthalpy due to the change from double to triple zeta basis set can also be found in the calculations with Dunning correlation consistent basis sets: cc-pVDZ and cc-pVTZ. These basis sets, however, did not prove to be better than the 6-31G and 6-311G basis sets, since the values obtained with cc- pVDZ or cc-pVTZ lie between those obtained with 6-31G(d,p) and 6-31G(2d,2p) or 6-311G(d,p) and 6-311G(2d,2p), respectively. Some calculations were performed using diffuse functions, but, to our disappointment, the reaction enthalpies were lowered, being the worst result the B3LYP/ 6-31+G(2df,2p) enthalpy, which is 2.2 kcal mol-1 lower than the B3LYP/6-31G(2df,2p) enthalpy. The correlation consistent basis sets augmented with diffuse functions show the same trend. This behavior may be attributed to the fact that diffuse functions do not describe reactants and products in an equivalent way: radicals' energies are lowered in relation to the reactant molecule energy and give a lower reaction enthalpy. For this reason, the use of diffuse functions is not recommended for the determination of reaction energetic of this kind of process. This is probably the reason why Nguyen et al. 30 obtained low values of reaction enthalpy in their study.
A comparison of the enthalpies calculated at B3LYP and the classical G2, G2MP2, CBS-4 and QCBS methods (Table 3) shows that B3LYP results are more accurate than the others, thus proving the efficiency of this method in predicting thermochemical properties for this type of system. QCISD/6-31G(d,p) enthalpies are 10.7 kcal mol -1 lower than the experimental enthalpy. Calculations with a larger basis set, QCISD/6-31G(2df,2p), increases this value, but the agreement with the experimental value is still poor. The lower values obtained at QCISD level can be explained by the lack of size consistency of the method.
Reaction enthalpies calculated with CCSD(T) method did not show significant dependence with the basis set size. A comparison between B3LYP and CCSD(T) methods shows that the former leads to more accurate results.
Entropies and Gibbs free energies
By comparing the DFT results for entropy with the experimental data, all the calculated values may be observed to lie about 0.3 cal mol -1 K -1 below the experimental value, which represents 1% deviation. By applying the thermodynamic relation: ∆G = ∆H -T∆S to our data, Gibbs free energy of the reaction was estimated at 298.15 K (see Table 3 ). Again, the B3LYP/6-311G(3d2f,3p2d) level gives the best result (38.7 kcal mol -1 ) in comparison with the experimental value (38.9 kcal mol -1 ).
Equilibrium constants
The standard statistical thermodynamic equations were used to evaluate enthalpy and entropy over a range of temperature of 200 -500 K. The B3LYP/6-311G(3d2f,3p2d) data were used to evaluate the thermochemical properties as a function of the temperature and, then, the equilibrium constants in the same temperature range 
Conclusions
In this paper the thermochemical properties of the bond dissociation reaction trans-HONO(X 1 A') HO(X 2 P) + NO(X 2 P) have been evaluated using theoretical methods in quantum chemistry. A systematic study of the basis set size has been performed using the B3LYP hybrid functional. The results of this study show that the reaction enthalpy calculation is sensitive to the polarization space and that the addition of diffuse functions is not adequate to describe reactants and radical products relatively to each other. Also, for this system, B3LYP calculations have proved to be very efficient in predicting reaction energetics in comparison with highly sophisticated (and computational expansive) ab initio and standard Gaussian and CBS families of methods. This conclusion is in agreement with previous results obtained by Jursic, 31 who had determined the enthalpies for this BDE at 0K, from a slightly different formalism.
Gibbs free energies and equilibrium constants were calculated over the temperature range 200 -500 K, in excellent agreement with experimental data.
